Cytomegalovirus is an attractive cancer vaccine platform because it induces strong, functional CD8 + T-cell responses that accumulate over time and migrate into most tissues. To explore this, we used murine cytomegalovirus expressing a modified gp100 melanoma antigen. Therapeutic vaccination by the intraperitoneal and intradermal routes induced tumor infiltrating gp100-specific CD8 + T-cells, but provided minimal benefit for subcutaneous lesions. In contrast, intratumoral infection of established tumor nodules greatly inhibited tumor growth and improved overall survival in a CD8 + T-cell-dependent manner, even in mice previously infected with murine cytomegalovirus. Although murine cytomegalovirus could infect and kill B16F0s in vitro, infection was restricted to tumor-associated macrophages in vivo. Surprisingly, the presence of a tumor antigen in the virus only slightly increased the efficacy of intratumoral infection and tumor-specific CD8 + T-cells in the tumor remained dysfunctional. Importantly, combining intratumoral murine cytomegalovirus infection with anti-PD-L1 therapy was synergistic, resulting in tumor clearance from over half of the mice and subsequent protection against tumor challenge. Thus, while a murine cytomegalovirus-based vaccine was poorly effective against established subcutaneous tumors, direct infection of tumor nodules unexpectedly delayed tumor growth and synergized with immune checkpoint blockade to promote tumor clearance and long-term protection.
INTRODUCTION
Despite substantial efforts over many years, vaccines that elicit effective antitumor immunity are rare. 1 Much of the failure of these treatments comes from tumor immune evasion due to features of the tumor microenvironment 2 and tumor-specific T-cells becoming dysfunctional or even failing to migrate into the tumor. 3, 4 Nevertheless, the presence of spontaneously generated tumor-reactive T-cells correlates with improved prognosis in cancer patients 5 suggesting that tumor-specific T-cells can effectively delay tumor growth given the right conditions. Thus, recent work has explored therapies that modulate the tumor environment directly. 6, 7 Many viruses have been explored for their ability to cause tumor cell destruction and provide "danger" signals within the tumor environment, leading to some preclinical and recent clinical successes. The most developed of these so-called oncolytic viruses are based on herpes simplex virus, adenovirus, vaccinia virus, measles virus, and reovirus, 8 with the herpes simplex platform (T-VEC) recently completing a phase 3 clinical trial, in which a 26% objective response rate and 16% durable response rate were reported in stage IIIb, IIIc, and IV melanoma patients. 9 T-VEC has recently been approved by the FDA for treatment in cutaneous melanoma. 10 Each of these oncolytic viruses was designed to replicate rapidly in tumor cells and directly induce tumor cell lysis with the hope that this would liberate tumor antigens in an inflammatory (i.e., immune stimulatory) environment. Pre-existing antiviral immunity directed against the oncolytic virus may be able to terminate the therapy by clearing the virus, 11 requiring this variable to be evaluated for each therapeutic agent. Notably however, several clinical studies have found no correlation between preexisting immunity and clinical results after treatment. 9, [12] [13] [14] Cytomegalovirus (CMV) is a β-herpesvirus that establishes an asymptomatic but life-long infection, leading to exceptionally large cellular and humoral immune responses. Recent interest in developing a CMV-based vaccine has arisen from its ability to induce enormous populations of CD8 + T-cells specific for virallyencoded epitopes, better known as memory inflation. [15] [16] [17] [18] [19] CMV can be manipulated to express genes of interest for vaccination 18, 20 and such CMV-based vectors have been profoundly protective in a nonhuman primate model of HIV infection. [21] [22] [23] Most people in the world are infected with CMV. 24 However, previous CMV infection does not preclude reinfection, and as a result, CMV-infected monkeys (and presumably people) can be vaccinated and boosted several times with CMV. 21, 25 Moreover, CMV-specific CD8 + T-cells do not show evidence of exhaustion in immune competent people 26 and are able to migrate into almost any tissue in the body. [27] [28] [29] Thus, CMV-based vaccines are in development for clinical trials. Relatively little is known about CMV-based vaccines for cancer. Vaccination with murine-CMV (MCMV) expressing prostate-specific antigen was able to delay tumor growth and increase survival in a Tramp-prostate-specific antigen model. 30 In addition, MCMV expressing the tyrosinase-related protein 2, a common melanoma antigen, induced antibodies that provided prophylactic protection and therapeutic delay in the subcutaneous B16F10 melanoma model. 31 Lastly, systemic infection with MCMV expressing an altered gp100 peptide induced the accumulation of gp100-specific CD8 + T-cells in the periphery and reduced the growth of B16F10 cells in the lungs of mice in both prophylactic and therapeutic settings, likely in a T-cell dependent manner. 32 We also generated an MCMV viral vector encoding an altered version of the melanoma peptide gp100 (gp100
S27P
). This altered peptide has been shown to induce a potent cytotoxic T lymphocyte response that can cross-react with the native-gp100 antigen. 33 This MCMV-gp100 S27P vaccine (hereafter referred to as MCMV-gp100) induced robust expansion of gp100-specific CD8 + T-cells, which migrated into subcutaneously implanted B16F0 tumors, but had little therapeutic efficacy. Remarkably, we found that direct intratumoral (IT) infection of well-established tumor nodules with either wild-type MCMV or MCMV-gp100 was markedly more effective than MCMV-gp100 intraperitoneal (IP) and intradermal (ID) vaccination. Prolonged survival was dependent on CD8 + T-cells and the therapeutic efficacy was not abrogated by previous MCMV infection. Although infection of B16F0s with MCMV in vitro reduced tumor cell growth and led to cell death, IT infection with MCMV resulted primarily in infection of tumor associated macrophages (TAMs). Importantly, MCMV IT infection synergized with the blockade of the PD-1/PD-L1 inhibitory pathway to induce primary tumor clearance and long-term protection independent of the presence of gp100 in the vaccine. These data show that while systemic vaccination with MCMV-gp100 alone is ineffective for subcutaneous lesions, IT MCMV infection promotes T-cell dependent tumor inhibition that can synergize with immune checkpoint blockades.
RESULTS

Construction and characterization of MCMV-gp100 S27P
A recombinant strain of MCMV was created that expresses GFP fused to an altered version of the gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] peptide (gp100 S27P ). This fusion construct was inserted into the IE2 locus and under the control of the endogenous MCMV IE2 promoter (MCMV-gp100, Figure 1a ), a strategy that has been used to stimulate robust T-cell responses to recombinant antigens in the MCMV backbone. [34] [35] [36] The growth of MCMV-gp100 was similar to that of its wild-type counterpart as seen by multistep in vitro growth curves (Figure 1b) . Infection of C57BL/6 mice with MCMV-gp100 induced the accumulation of CD8 + T-cells in the blood that responded to the altered and native gp100 peptides (Figure 1c,d) . In contrast, WT-MCMV infection did not elicit gp100-specific
CD8
+ T-cells (Figure 1c,d) . The representative gating strategies for these data and subsequent flow cytometry experiments are shown in Supplementary Figure S1 .
Therapeutic IP and ID vaccination with MCMVgp100 induces minimal growth delay of B16F0 tumors To determine the therapeutic efficacy of MCMV-gp100 vaccination, B16F0 tumors were subcutaneously implanted in the flank and mice were vaccinated 5 days later with MCMV-gp100. Recent work has shown that the site of infection or vaccination can influence the migration of CD8 + T-cells and subsequent protection. 37, 38 Therefore, we vaccinated mice by the IP route alone or in combination with an ID vaccination in the skin adjacent to the tumor. In both cases, vaccination caused increased infiltration of CD4 + T-cells, CD8 + T-cells, and FoxP3 + regulatory T-cells, but no increase of NK Cells, Neutrophils, Granulocytes, Macrophages, or Monocytes (Figure 2a) . Moreover, vaccination with MCMVgp100 by either route induced an increased frequency of gp100-reactive T-cells within the tumor, as measured by intracellular cytokine stimulation (Figure 2b) or by using gp100-specific Pmel-I TCR transgenic T-cells (data not shown). However, there was only a small effect on tumor growth in comparison with unvaccinated animals (Figure 2c ) and only the combined IP/ID routes of vaccination improved survival compared to unvaccinated mice or mice infected via the IP/ID routes with WT-MCMV (Figure 2d) . Moreover, median survival was only increased by 3 days and this was not significantly greater than mice vaccinated with MCMV-gp100 by the IP route alone (Figure 2d ). These data suggest that systemic and dermal-localized MCMV-gp100 vaccinations were able to cause expansion and tumor infiltration of gp100-specific CD8 + T-cells, but were ineffective as therapeutic treatment of subcutaneous B16F0 melanoma lesions.
IT infection with MCMV significantly delays tumor growth and improves overall survival As systemic vaccination was unremarkable, we turned to alternative infection routes. Recent work has shown that the introduction of therapies directly into tumors can lead to therapeutic responses. 6, 7 We found that MCMV-gp100 could infect B16F0s in vitro at low and high multiplicities of infection (MOI) and spread through the culture, as seen by GFP-expression of infected cells (Supplementary Figure S2c and data not shown), although the recovery of infectious virus from B16F0s was poor compared with the well-characterized M2-10B4 cell line (Supplementary Figure S2a,b) . At a high MOI, most B16F0s in the culture were infected (Supplementary Figure S2c) and this correlated with poor growth of the B16F0s and cell death (Supplementary Figure S2d,e) . In addition, infected B16F0 cells expressed more MHC-I, MHC-II and the costimulatory molecule CD86 compared with uninfected cells in the same wells (data not shown). Thus, MCMV infection of B16F0s inhibits tumor growth, kills infected cells, and makes these cells better targets for the immune system. Together, these data suggest that MCMV may be oncolytic after direct infection of established tumors.
To determine whether IT infection with MCMV would improve the therapeutic impact of vaccination, mice were implanted with B16F0s subcutaneously, as above. When tumors were ~20 mm 2 (~7-14 days after tumor implantation), they were injected directly with WT-MCMV, MCMV-gp100, or phosphate-buffered saline (PBS), every other day for three treatments ( Figure 3a) . For comparison, another group was vaccinated by IP and ID routes as above (Figure 2) , and then given PBS by the IT route. As shown in Figure 3b , direct IT infection with MCMV had a marked effect on the growth of established tumors. Mice treated with PBS IT or MCMV-gp100 IP/ID + PBS IT had an average daily tumor growth rate after the IT injection of 21 and 19% respectively, and the tumor size doubled every 3.6 and 3.7 days respectively (Figure 3b) . Strikingly, when mice were infected with either WT-MCMV or MCMV-gp100 by the IT route, the average daily growth rate post IT injection was reduced to 10 and 8% respectively, and the doubling time was increased to 7.3 and 9.4 days respectively, all of which were significantly slower than the controls (Figure 3b ). This correlated with substantially increased survival of the host (Figure 3c) . Interestingly, the presence of the gp100 epitope in the vaccine did relatively little to improve the outcome. One mouse in each group cleared its tumor (Figure 3b ) and the average daily tumor growth rate and tumor doubling time between WT-MCMV IT and MCMV-gp100 IT treated mice were not significantly different. Mice given MCMV-gp100 IT survived slightly longer than those treated with WT-MCMV IT (P = 0.073, Figure 3c ), but the difference was not dramatic. In addition, MCMV-gp100 IT infection slowed the growth of MC38 tumors, a transplantable colon adenocarcinoma that does not express gp100 (average daily growth rate of 4% for MCMV-injected tumors compared with 8% for PBS-injected tumors, 7 days after IT injection, P = 0.042, Supplementary Figure S3a,b) . These data further suggest that MCMV IT infection delays tumor growth in a manner that is largely independent of the gp100 antigen in the vaccine.
Infection of mice bearing B16F0s by any route, including IT, induced similar increases in the accumulation of CD4 + and CD8 + cells in the tumor, without any other obvious changes in the frequencies of cell populations (Figure 3d) . Notably, there were more activated (KLRG-1 + ) NK cells in tumors 7 days after IT infection when compared with systemically vaccinated animals (Supplementary Figure S4) . Interestingly however, there were fewer activated NK cells that expressed Ly49H, an NK cell activating receptor that is ligated by the viral m157 protein 39 (Supplementary Figure S4) . Collectively, these data suggest that MCMV IT infection promotes CD4 + and CD8 + T-cell entry into subcutaneous tumors and an increase in activated NK cells.
Prior MCMV infection does not prevent the therapeutic effect of IT infection
Pre-existing antiviral immunity may be able to restrict the efficacy of oncolytic viruses by clearing the virus. 11 More than half of people in the USA and most people in the world are already infected with CMV. 24 Therefore, we tested whether IT infection would delay tumor growth in mice that had been infected with a wild-type strain of MCMV (MCMV-K181) 8 or 52 weeks prior to tumor implantation. Importantly, prior MCMV infection had no significant effect on the survival induced by MCMV-gp100 IT infection (Figures 3e,f) or the daily tumor growth rate measured after MCMV-gp100 IT infection (11 versus 8% for MCMV immune versus naive animals). Thus, pre-existing MCMV-specific immunity did not limit the therapeutic benefit of MCMV IT infection. Figure S2) and MC38s (not shown) in vitro, suggesting that it could be acting like an oncolytic virus. However, MCMV can also infect many other cells in the tumor environment including endothelial cells, fibroblasts and macrophages. To determine which cells were infected by MCMV after IT inoculation, B16F0 tumors were recovered one day after the last MCMV IT injection. Infected cells were identified histologically by the presence of nuclear-localized viral pp89, an immediate early protein expressed by MCMV infected cells shortly after infection. 40 
MCMV infects tumor-associated macrophages after MCMV IT infection MCMV could infect and kill B16F0s (Supplementary
Therapeutic efficacy of MCMV IT infection depends on CD8
+ T-cells Since MCMV was likely not acting as an oncolytic virus, we wished to determine the roles of CD8 + T-cells and NK cells in the therapy. To this end, CD8
+ T-cells and/or NK cells were depleted before the implantation of B16F0 tumors and throughout the MCMV IT therapy. Depletion of CD8 + T-cells significantly reduced survival after MCMV-gp100 IT infection, while depletion of NK1.1 alone had no effect (Figure 5a,b) . Moreover, combined depletion of CD8s and NK cells was not different from depletion of CD8 + T-cells alone. Thus MCMV-IT therapy depended on CD8 + T-cells to prolong survival. Significance was assessed by the logrank test, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. CMV, cytomegalovirus; MCMV, vaccination with murine-CMV. Significance was assessed by a logrank test, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (d) Tumor lymphocyte infiltration at time of sacrifice. Data represented as the mean ± SD. Significance was assessed by an unpaired t-test, ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001, P < 0.0001. NKs, NK cells; Neutro, Neutrophil; Granu, Granulocyte; Macro, Macrophage; Mono, Monocyte; Treg, regulatory T cell. (e,f) Mice latently infected with MCMV-K181 for 8 or 52 weeks received B16F0s and were infected following the schedule described in a with MCMV-gp100 (n = 8 mice infected 8 weeks previously and n = 4 mice infected 52 weeks previously) or PBS (n = 8 mice). (e) Tumor growth from the day of IT infection. (f) Kaplan-Meier survival curve of different treatment groups. Significance was assessed by a logrank test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. CMV, cytomegalovirus; MCMV, vaccination with murine-CMV; PBS, phosphate-buffered saline. IT therapy, WT-MCMV IT or MCMV-gp100 IT infection was combined with anti-PD-L1 antibody blockade. Remarkably, combining IT infection with PD-L1 blockade resulted in clearance of the established tumors from more than half of the mice and markedly improved overall survival regardless of which virus was used, effects that were not seen with any of these therapies alone (Figure 6c,d) . Importantly, there was no significant survival difference between groups in which PD-L1 blockade was combined with MCMV-gp100 IT or WT-MCMV IT therapy (Figure 6d) . Therefore, IT infection with MCMV synergized with anti-PD-L1 checkpoint blockade, regardless of the presence of gp100 in the vaccine.
Complete regression of primary tumors results in resistance or rejection of secondary B16F0 tumor challenges To determine whether clearance of tumors would result in protection against tumor challenge, the animals that cleared primary tumors after the various treatments described above were rechallenged with 2 × 10 5 B16F0s in the opposite flank 50-60 days after initial tumor implantation and at least 2 weeks after primary tumor clearance. Secondary tumors completely failed to grow in 5 of 15 mice that received any type of IT MCMV infection (Figure 7a , observed for >100 days). Moreover, in two of the cases that we found tumor growth, the challenge tumor did not appear until 27 (WT-MCMV IT + anti-PD-L1) or 140 days (MCMV-gp100 IT + anti-PD-L1, data not shown) post challenge. The one mouse that cleared its primary tumor after anti-PD-L1 treatment alone also rejected the secondary tumor (Figure 7a) . Regardless of whether the primary tumor had been cleared after treatment with WT-MCMV IT + anti-PD-L1 or MCMV-gp100 IT + anti-PD-L1, there was no significant difference in the survival of these mice upon rechallenge (Figure 7c) . Nevertheless, to determine whether some of this enhanced tumor resistance could be attributed to the fact that the challenged mice had been previously infected with MCMV-gp100, we implanted B16F0s into animals that had been infected with WT-MCMV or MCMV-gp100 by the IP route >100 days previously, but were not previously given tumors. Even though large gp100-specific T-cell populations were evident after vaccination with MCMV-gp100 (Figure 1c) , there was little effect (Figure 7b,c) and no marked growth delay or tumor resistance, unlike mice that had previously cleared a tumor (Figure 7a) . Importantly, depletion of CD8 + T-cells > 90 days after rechallenge did not enable late tumor growth in mice that rejected the challenge tumor (data not shown), suggesting that either long-term protection was CD8 + T-cell independent or the animals were cured of their tumors.
These data strongly imply that IT MCMV infection combined with PD-L1 blockade induced broad immunity to the B16F0 melanoma, subsequently preventing tumor growth at a distal site, independent of the gp100 antigen encoded in the viral genome or large numbers of circulating gp100-specific T-cells. Collectively, these data suggest that MCMV infects TAMs after IT infection, resulting in an unexpectedly potent, CD8
+ T-cell-dependent, antitumor effect that can act synergistically with blockade of the PD-1 pathway to clear established tumors and promote systemic antitumor immunity.
DISCUSSION
Direct modulation of the tumor microenvironment can markedly improve both local and systemic antitumor effects. Recent evidence suggests that IT administration of several different therapies induces better antitumor responses in animals, many times correlating with effects on distant tumors. 6, 7 Thus, IT therapies are currently being explored for both cutaneous and noncutaneous cancers. 7 Our data show that systemic vaccination with MCMV-gp100 by the IP and ID routes induced migration of antigen-specific CD8 + T-cells into tumor tissue, but relatively poor antitumor effects (Figure 2) . However, IT infection with MCMV Ex vivo cytokine production and degranulation in response to native gp100 stimulation of Pmel-Is 7 days post infection and represented as the mean ± SD. Significance was assessed by a paired t-test, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (c) Mice bearing B16F0 tumors were treated with anti-PD-L1 or an isotype control antibody beginning on the day of MCMV IT infection. Shown is the tumor growth as in Figure 3 for the indicated groups of mice. Vertical dotted lines represent days of MCMV IT infection. Fractions in each graph represent the number of animals that cleared the tumor out of the number of animals tested. (d) Kaplan-Meier survival curve of the mice in each treatment group. Significance was assessed by a logrank test, P > 0.05 is nonsignificant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. CMV, cytomegalovirus; MCMV, vaccination with murine-CMV; PBS, phosphate-buffered saline; IT, intratumoral. Figure S3) . Remarkably, this was true even for MCMV lacking expression of tumor-associated antigens or in mice that were already infected with MCMV ( Figure 3 and Supplementary Figure S3) . MCMV does not fit the typical definition of an oncolytic virus. Oncolytic viruses are typically defined by their ability to replicate rapidly and somewhat selectively in tumor cells, inducing tumor cell death and subsequent antitumor and antiviral immune responses. 41, 42 While MCMV could infect and kill B16F0s in culture (Supplementary Figure S2) , it only seemed to infect TAMs in vivo (Figure 4) , suggesting that IT therapy is not working through direct tumor lysis. TAMs are associated with tumor progression by inducing a proangiogenic environment and suppressing antitumor immune responses. 43, 44 CMV infects monocytes and macrophages, inducing monocyte migration, tissue entry, and differentiation into macrophages. 45, 46 CMV infection of macrophages shifts them to an immune stimulatory phenotype by inducing upregulation of Toll-like receptors and increasing Th1 cytokine production, [46] [47] [48] subsequently leading to increased T-cell proliferation. 47 Moreover, it is possible that MCMV infection of TAMs could decrease the macrophage production of proangiogenic factors, such as vascular endothelial growth factor decreasing blood flow to tumors and slowing growth. 43, 44 All these possibilities must be addressed in future studies as possible mechanisms for MCMV IT therapy. It is worth noting that the MCMV immediate early protein pp89, which is expressed early after infection, may have different expression levels in different cell types. Thus it is possible that we only detected a subset of infected cells in the tumor that expressed pp89 at high levels, and that MCMV is still infecting the tumor cells themselves, or the tumor vasculature. 49 This caveat aside, our data suggest that MCMV IT therapy works by altering TAMs and their interaction with tumors.
It is also worth noting that CMV almost certainly affects the tumor microenvironment beyond the cells that are directly infected. Contact with viral particles or gene-products likely triggers cell signaling and gene expression by cells in the tumor environment, regardless of infection. For example, CMV glycoproteins have been described to activate Toll-like receptor 2 (refs. 50,51) and CMV particles can activate the epidermal growth factor receptor, [52] [53] [54] leading to an array of cellular responses. In addition, MCMV is a potent stimulator of NK cells and γδ T-cells, 39 ,55 both of which might have antitumor effects. In B6 Significance was assessed by a logrank test, P > 0.05 is nonsignificant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. mice, NK cells expressing Ly49H are specifically expanded in response to the viral m157 protein. 39 However, this population was not expanded in the tumors of mice vaccinated with MCMV by the IT route (Supplementary Figure S4) . Rather, the tumorinfiltrating NK cells were largely Ly49H-, KLRG-1+, possibly suggesting that tumor-localized NK cells were activated in response to the tumor. Despite this, NK cell depletion had no effect on the MCMV IT therapy (Figure 5) , suggesting NK cells were not important for the therapeutic outcome. Additional experiments will be needed to explore the impact of MCMV on other cells in the tumor and the tumor environment as a whole, after injection of live or inactivated viral particles.
Ultimately, improved survival after MCMV IT therapy depended on CD8 + T-cells but not NK cells ( Figure 5 ). Interestingly however, IT injection of MCMV did not increase CD8 + T-cell frequencies above that induced by IP or ID infections. Although our data show that gp100-specific Pmel-I T-cells were markedly dysfunctional in the tumor after MCMV-gp100 IT vaccination ( Figure 6 and Supplementary Figure S5) , our preliminary data suggest that Pmel-I function was actually improved by IT therapy compared with MCMV-gp100 IP vaccination (data not shown). Moreover, blockade of the PD-1/PD-L1 pathway was synergistic with IT MCMV infection, leading to clearance of tumors from over half of the mice (Figure 6 ). This tumor clearance correlated with systemic antitumor immunity that could resist a secondary tumor challenge in the opposite flank, and was seemingly independent of the gp100 epitope encoded in the viral genome as well as gp100-specific T-cells induced by prophylactic vaccination (Figure 7) . Thus, we propose that MCMV IT infection of TAMs within B16F0 tumors, in combination with blockade of the PD-1 pathway, improved the endogenous antitumor immunity.
Our data indicated that IP vaccination alone was ineffective for subcutaneous B16 tumors, which contrasts with recent work by Qiu and colleagues, who found that IP vaccination with a similar MCMV-gp100 vector was sufficient to delay the growth of lung nodules after IV injection of B16 melanoma cells. 32 We favor the possibility that the different outcomes reflect the differences in tumor location. For example, gp100-specific CD8 + T-cells may more easily traffic to lung tumors as these nodules will be well exposed to the blood supply 56 and we have shown that many circulating MCMV-specific T-cells are localized to the lung vasculature after IP infection. 28 Moreover, after IP infection, MCMV may more readily infect macrophages in lung nodules as compared with subcutaneous nodules. Alternatively, it is possible that tumors growing in each location depend on different immune inhibitory mechanisms that are more or less easily overcome by MCMV-driven T-cells. Finally, it is notable that the MCMV-gp100 vaccine used by Qiu and colleagues expressed a variant of the gp100 antigen that differed by two amino acids from the native sequence (gp100 E25K,
S27P
), whereas the epitope used in our study differed by only one amino acid (gp100 S27P ), a difference that could, in theory, have a substantial impact on the efficacy or function of gp100-specific T-cells. Future work will be required to test these ideas.
Overall, our study is the first to show that MCMV may have superior therapeutic efficacy for cutaneous melanomas after direct intratumoral injections, and that this route of vaccination can synergize with immune checkpoint blockades to clear tumors and induce protection against distal tumors, without virally encoded tumor antigens. This study builds on recent data suggesting that CMV may be an effective antitumor therapy and suggests that the route of infection and tumor location may be critical factors in defining the efficacy of this platform.
MATERIALS AND METHODS
Mice and tumor models. C57BL/6J mice and gp100-specific Pmel-I T-cell transgenic mice expressing the Thy1.1 congenic marker (B6.Cg-Thy1 a / Cy Tg(TcraTcrb)8Rest/J) were purchased from Jackson Laboratory, (Bar Harbor, ME) and bred in house for use in all experiments. Donor and recipient mice were sex-matched for all adoptive transfers. For most experiments, mice were between 6 and 12 weeks old at the time of tumor implantation. For the data shown in Figure 3e Virus strains, cell lines, and in vitro infections. To produce the recombinant strain MCMV-gp100 S27P , the sequence encoding the altered gp100 S27P peptide (EGPRNQDWL) was fused to the 3′ end of the sequence encoding GFP, upstream of the stop codon, as done previously with other antigens. 36 The fusion construct was recombined with MCMV encoded with a bacterial artificial chromosome (BAC, strain MW97.01, hereafter called WT-MCMV 57 ) and targeted to replace the m128 exon (IE2 gene) using established techniques. 20 Viral stocks were prepared on M2-10B4 stromal cells as previously described. 58 In brief, 2-4 × 10 6 cells were infected at an MOI of 0.01. Cells were collected 5-6 days later, homogenized by douncing, and the supernatant was ultracentrifuged to concentrate the virus. Viral stocks were suspended in media containing serum and frozen at −80°C until use. Viral titers were determined by plaque assay without centrifugal enhancement using M2-10B4s as previously described. 58 In brief, subconfluent layers of M2-10B4s were infected with lysates at several different titrations, covered with viscous media, incubated for 5 days, and stained with crystal violet for plaque counting. The single-and multistep growth analyses shown in Figure  1 and Supplementary Figure S2 were performed by infecting M2-10B4 cells or B16F0 cells with an MOI = 0.1 (multistep), or an MOI = 10 (single step), harvesting lysates at the indicated times and measuring viral growth by plaque assay as described above. In all cases, M2-10B4s and MC38s were grown in Roswell Park Memorial Institute media (RPMI) (CellGro) + 1% PenStrep (Gemini Bio-Products, Sacramento, CA) + 10% fetal bovine serum (Benchmark serum, Gemini). B16F0s were grown in Dulbecco's modified essential medium (CellGro) + 1% PenStrep + 10% fetal bovine serum. (Figure 1, Figure 3e mol/l β-mercaptoethanol (MilliporeSigma, Darmstadt, Germany)). Total splenocytes were counted on a Z2 Coulter Particle Count and Size Analyzer (Beckman Coulter) and the sample was assessed for frequency of CD8 + T-cells by flow cytometry. Based on these data, total splenocytes were suspended in PBS so that the desired number of CD8 + T-cells was present in 100 μl, which is the volume that was retro-orbitally injected into recipient C57BL/6 mice.
Infections and vaccinations of mice. For infection of mice without tumors
Lymphocyte isolation, analyses, and intracellular cytokine staining.
Spleens were suspended in T-cell media and mechanically processed through a 70 μm nylon cell strainer to achieve a single cell suspension. For recovery of lymphocytes from tumors, tumor masses were placed in tumor digestion media (1× HBSS (Cellgro), 0.1 mg/ml Collagenase A (Worthington, Lakewood, NJ), 60 U/ml DNase I (Roche, Indianapolis, IN)) 59 and minced using the gentleMACS Octo Dissociator using C Tubes (Miltenyi Biotec, Bergisch Gladbach, Germany). Minced tumors in digestion media were incubated at 37°C for 30 minutes with continuous rotation. Digested tumors were minced again using the gentleMACS Octo Dissociator, then washed twice with T-cell media and mechanically filtered through a 70 μm nylon filter to make a single cell suspension. Lymphocytes were then either directly assessed by flow cytometry or tested for their ability to produce cytokines upon stimulation. For analyses of cytokine production by cells from spleens and tumors, 1-2 × 10 6 cells were incubated in T-cell media in a round bottom 96-well plate for 5 hours at 37° C in 5% CO 2 . The final incubation volume was 100 μl and contained 1 μg/ml of the indicated peptide (synthesized by Genemed Synthesis, San Antonio, TX) and 1 μg/ml brefeldin A (GolgiPlug, BD Biosciences, San Jose, CA), as well as fluorescently labeled antibody specific for CD107a. At the end of the incubation, cells were washed twice with ice-cold Fluorescence-activated cell sorting buffer (PBS, 0.05% Sodium Azide, 1% FBS) and stained with antibodies specific for surface proteins followed by analyses of intracellular IFN-γ and TNF-α using the BD Cytofix/Cytoperm kit (BD Biosciences) and following the manufacturers instructions. In Figure 1 , ~150 μl of peripheral blood was collected from the retro-orbital sinus. Red blood cells were lysed for 5 minutes in red blood cell lysis buffer (150 mmol/l NH 4 Cl, 10 mmol/l NaHCO 3 ), the remaining white blood cells were washed twice, and resuspended in T-cell media. Approximately 1/5 of the recovered cells were added to individual wells and incubated as described above for 3 hours and without the antibodies specific for CD107a. For regulatory T-cell staining, cells were fixed with FOXP3 Fix/Perm buffer (Biolegend, San Diego, CA) for 10 minutes on ice and then permeabilized for 15 minutes with FOXP3 Perm buffer (Biolegend) before staining.
Antibodies and FACS analysis. Analyses of lymphocytes were performed using antibodies specific for the following molecules: CD3 (clone 500A2), CD4 (clone GK1. In vivo antibody blockades. To deplete CD8 + T-cells or NK cells, mice were treated with 300 μg of anti-CD8α (clone 53-6.72 ) and/or anti-NK1.1 (clone PK136) every 3 days for a total of eight treatments, starting 2 days before tumor implantation. Treatment resulted in > 90% depletion of target cells (data not shown). As controls, additional animals were treated with an irrelevant IgG2a antibody (isotype control for anti-NK1.1, clone C1.18.4), or IgG2b antibody (isotype control for anti-CD8α, clone LTF-2) following the same schedule. To study the effect of PD-L1 blockade on IT infection, mice were treated with 400 μg of anti-PD-L1 (clone 10F.9G2) by the IP route on the first day of IT treatment, followed by an additional 200 μg anti-PD-L1 given every third day by the IP route for a total of six treatments. As a control, additional animals were treated with the IgG2b isotype control clone LTF-2, following the same schedule. All antibodies were purchased from Bio-X-Cell (West Lebanon, NH). The anti-pp89 antibody was purified from hybridoma supernatant using Pierce Protein A/G Magnetic Beads (Fisher Scientific), concentrated using Amicon Ultra-0.5 or 15 Centrifugal Filter Unit with Ultracel-100 membrane (Millipore), and labeled using Mix-N-Stain CF555 Antibody Labeling Kit (Sigma-Aldrich, St. Louis, MO). Anti-pp89 flourophore conjugation was confirmed by staining infected and uninfected M2-10B4s with the labeled antibody (data not shown). Images were generated with an LSM 510 Meta confocal laser scanning microscope (Carl Zeiss), the Zeiss AIM 4.2 SP1 software (Carl Zeiss, Oberkochen, Germany), and ImageJ (Fiji).
Statistical analysis. Prism Version 6.0 d and SAS 9.4 were used for graph creation and statistical analyses. For statistical significance, *P < 0.05; **P < 0.01; *** P < 0.001; ****P < 0.0001. Tumor growth rates and doubling times were analyzed with a mixed-effects linear regression, an extension of ordinary linear regression for repeated measures over time. Heuristically, the model estimates a tumor growth curve for each animal and then appropriately averages these curves to estimate the group's average trajectory. This approach accounts for the within-animal correlation of tumor sizes over time and the potential uneven timing of readings. Tumor size was log-transformed before the analyses and was modeled as a function of time, experimental group, and their interaction. The main aim was to compare growth rates over time across the experimental groups. Results were expressed in terms of the average daily increase of tumor size and the tumor doubling time. For the MC38 tumors, Supplementary Figure S3 , tumor growth was analyzed by fitting a quadratic curve to each data set and analyzing the subsequent daily tumor growth rate. We also used Kaplan-Meier survival curves and the logrank test to analyze the time tumors needed to reach 100 mm 2 (overall survival, the approximate tumor size when animals are typically sacrificed). Figure S1 . Representative gating strategies for CD8+ T-cells recovered from blood, tumors and spleens. Supplemental Figure 5 
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